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ABSTRACT: Bottom-up construction of mesoscale materi-
als using biologically derived nanoscale building blocks
enables engineering of desired physical properties using
green production methods. Virus-like particles (VLPs) are
exceptional building blocks due to their monodispersed
sizes, geometric shapes, production ease, proteinaceous
composition, and our ability to independently functionalize
the interior and exterior interfaces. Here a VLP, derived
from bacteriophage P22, is used as a building block for the
fabrication of a protein macromolecular framework (PMF), a tightly linked 3D network of functional protein cages that
exhibit long-range order and catalytic activity. Assembly of PMFs was electrostatically templated, using amine-terminated
dendrimers, then locked into place with a ditopic cementing protein that binds to P22. Long-range order is preserved on
removal of the dendrimer, leaving a framework material composed completely of protein. Encapsulation of β-glucosidase
enzymes inside of P22 VLPs results in formation of stable, condensed-phase materials with high local concentration of
enzymes generating catalytically active PMFs.

KEYWORDS: self-assembly, virus-like particle (VLP), decoration protein, catalytic material, protein framework, templated assembly,
nanoreactor

Self-assembly of nanoscale building blocks to form
geometrically controlled molecular frameworks is of
great interest for creating functional porous materials.1−3

Metal−organic frameworks (MOFs), composed of metal nodes
coordinated to multidentate organic linkers,4 exhibit a wide
range of functionality dictated by the arrangement and
composition of their molecular building blocks and have been
studied for their use in gas storage,5 heterogeneous catalysis,6

and separation.7,8 The systematic approach of creating design
rules for MOF synthesis to create materials with specific
structure and function has led to the rapid increase in useful
MOF materials.9 Biomolecular building blocks have been
incorporated as the organic components of MOFs, and the
resulting materials exhibit a range of structural, chemical, and
catalytic diversity.10−13 Additionally, biomolecule-based frame-
works have been created using polymers14 and nano-
particles15,16 as linkage motifs.
The use of proteins in particular for the generation of

framework materials is an exciting direction for nanomaterial
development, as these molecules can be biologically synthesized
and genetically or chemically modified, often without sacrificing
structure or function,17 to generate programmed building

blocks that can self-assemble into higher ordered structures.18

Because of the wide range of programmable intermolecular
interactions available, protein-based molecular frameworks can
be finely tuned to control their properties. Although less
prevalent that MOFs, examples of protein-based molecular
frameworks are emerging and include protein crystals that have
been created not for structure elucidation but as a scaffold to
selectively confine and store enzymes19 as well as crystalline
protein assemblies, which exhibit controlled porosity.20,21 Here
we describe the formation of a protein macromolecular
framework (PMF), which is conceptually analogous to a
MOF but is composed only of protein cages, derived from a
virus, and protein linkers.
Virus-like particles (VLPs), self-assembled from multiple

copies of subunit proteins into defined cage-like structures, are
exemplary building blocks for materials construction because of
their highly symmetric structures and ability to self-assemble
from minimal protein building blocks into highly mono-
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dispersed particles that can entrap desired cargo molecules.22

VLPs have also been assembled into layers or three-dimen-
sional architectures, thus offering the potential to fabricate
structures at larger length scales.3,23−25 The P22 VLP, derived
from bacteriophage P22, is a 56 nm icosahedron, which self-
assembles from 420 copies of a coat protein (CP) and 100−300
copies of an internalized scaffolding protein (SP).26 P22 can be
produced in large quantities and is highly tolerant to genetic
and chemical modifications.27,28 Through genetic fusion of
cargo proteins to the SP, P22 can be directed to encapsulate
many copies of the protein cargo without affecting capsid
morphology.29−33 Additionally, P22 VLPs can be obtained in
three distinct morphologies: procapsid (PC), the initial
assembly product of CP and SP; expanded (EX), which is
larger in diameter by 8 nm and more angular; and wiffleball
(WB), which is structurally similar to the EX form but missing
12 pentamers from the icosahedron, resulting in 10 nm
pores.34−36 The modularity of P22, where size, morphology,
internal cargo, and external surface characteristics can be
independently modified, make it a versatile building block for
the construction of functional, well-defined condensed-phase
materials as well as PMFs. In this work we construct PMFs
using a variant of the P22 CP, P22E2, exhibiting a small peptide
((VAALEKE)2) at the surface-exposed C-terminus, which
introduces repulsive interparticle interactions, allowing the
formation of more ordered structures.37,38

In addition, a homotrimeric capsid decoration protein (Dec)
has been shown to bind the exterior of the EX and WB
morphologies of P22 as well as matured P22 virions in a site-
specific manner.39 Upon binding, the C-termini of Dec are
directed away from the capsid surface.40 We have previously
shown that binding Dec or modified Dec to P22 is a powerful

tool that allows for capsid stabilization41 as well as exterior
molecular presentation, since proteins can be expressed as
Dec−cargo fusions.42 There are 80 Dec binding sites on P22,
60 tight binding sites located at the quasi 3-fold axes nearest the
icosahedral 2-fold axes, and 20 weaker binding sites at the true
3-fold axes.40 We have previously shown that modification of
the C-terminus of Dec, in which a terminal cysteine residue is
displayed (DecS134C), results in formation of a head-to-head
dimer of the trimeric protein upon oxidation, enabling DecS134C
to act as a ditopic linker between P22 EX capsids.43 Due to the
fast and almost irreversible binding of Dec to the P22 capsid
and the high degree of multivalency, mixing ditopic DecS134C
with P22 results in a highly cross-linked protein material, but
which lacks any long-range order.
Here, inspired by work showing the controlled assembly of

protein cages using dendrimers,44,45 we describe the formation
and characterization of a protein macromolecular framework,
an ordered 3D array of P22 VLPs connected by symmetry-
specific protein linkers. P22E2 VLPs are first electrostatically
templated into an ordered array using amine-terminated
generation 6 poly(amidoamine) dendrimers (G6) and then
cemented into place via addition of the ditopic capsid
decoration protein DecS134C (Figure 1).
Upon removal of G6 under high ionic strength conditions,

the resultant material retained the ordered face-centered cubic
lattice structure but exhibited an increased interparticle spacing
and associated expanded lattice parameter. PMFs constructed
from P22E2 capsids encapsulating multiple copies of a β-
glucosidase enzyme impart catalytic activity to the material,
which can be easily recovered after catalysis and thus recycled.
PMFs also remain assembled and catalytically active after
heating, freezing, and drying, demonstrating the stability of

Figure 1. Idealized cartoon depicting the concept of protein macromolecular framework formation. Negatively charged P22E2 virus-like
particles are mixed with either (a) DecS134C cementing proteins or (b) positively charged PAMAM generation 6 dendrimers (G6) to yield an
amorphous array or an ordered array, respectively. When ionic strength is increased, (c) the array disassembles. (d) DecS134C cementing
proteins are added to G6 templated arrays to lock the structure in place while concomitantly increasing the lattice parameter approximately 3
nm. (e) Ionic strength is then increased, removing the G6 template but preserving the structure, yielding a protein macromolecular
framework. (The number of DecS134C bound to P22 is significantly higher in samples. It is depicted here as a lower amount for visual
simplicity).
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these biomolecule-based materials. The densely packed
condensed phases could achieve exceptionally high protein
concentrations, making it possible to run reactions at higher
catalyst concentrations, thus increasing overall efficacy of the
functional material.

RESULTS AND DISCUSSION

Ordered P22/Dendrimer Assemblies. Assemblies of the
wiffleball morphology of P22E2 capsids (P22E2; Supplemental
Figure S1) displaying long-range order were templated using

generation 6 amine-terminated poly(amidoamine) dendrimers.
Under a range of ionic strength conditions, light scattering (LS)
and small-angle X-ray scattering (SAXS) were used to detect
interparticle interactions (i.e., assembly) and long-range order,
respectively. A wide ionic strength range (41−288 mM) was
investigated in order to detect all phases of the mixture. This
range was chosen to compare assembly behavior to the PC
morphology previously studied.38 LS experiments (turbidity)
show that, upon mixing of P22E2 and G6 at a 1:1000 ratio,
interparticle assembly occurs under conditions where the ionic

Figure 2. Higher order assembly of P22E2 wiffleball (WB) with G6 dendrimer at various ionic strengths. (a) Light scattering (monitored at 800
nm) and (b) extracted structure factors from small-angle X-ray scattering measurements of P22E2 WB capsids assembled with 1000× G6
dendrimer at various ionic strengths. The emergence of sharp peaks at I = 206 mM is indicative of long-range ordering. Structure factor
diminishes at ionic strengths above 206 mM, indicating reduced interparticle interactions.

Figure 3. Assembly of P22E2 wiffleball (WB) with DecS134C. (a) Light scattering (monitored at 800 nm) of P22E2 WB capsids mixed with
DecS134C either oxidized (red) or reduced (black). Only oxidized DecS134C causes assembly of P22E2. (b) Small-angle X-ray scattering intensity
of P22E2 capsids (black dashed), mixed with DecS134C, either reduced (black solid) or oxidized (red), showing minimal change in intensity.
The small shoulder at q = 0.10−0.12 nm−1 indicates the presence of short-range order. Transmission electron micrographs of (c) P22E2 and
(d) P22E2 with oxidized DecS134C.
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strength (I) is 206 mM or below (Figure 2a). In all assembled
samples, the P22E2 is located in the assembled sample, with no
free P22E2 detectable in the supernatant (Supplemental Figure
S2). When P22E2 and G6 are mixed at ionic strengths above
206 mM, no increase in turbidity was detected by LS, indicating
no significant interparticle interactions. The length over which
these interactions exist is explained by the Debye screening
length, κ−1:

κ
ε ε

=− k T
N e I2

1 0 r B

A
2

where ε0 is the vacuum permittivity, εr is the relative
permittivity of the solution, kB is the Boltzmann constant, T
is the absolute temperature, NA is Avogadro’s number, e is the
elemental charge, and I is the ionic strength. Turbidity is seen
down to a Debye length of 0.67 nm, which corresponds to I =
206 mM. If I is increased further, thus decreasing the Debye
length, interactions are screened.
Samples were interrogated using SAXS, which measures

scattering due to the particle shape in solution (form factor), as
well as the interactions between particles (structure factor).
The scattering from the P22E2 capsid alone in solution shows a
form factor characteristic of a sphere (Figure 3b, black dashed
trace). The structure factor data for the G6-mediated assembly
of P22E2 were extracted from the experimental data after
deconvolution of the P22E2 form factor (Supplemental Figure
S3 and previous work).38 When the P22E2/G6 assembly was
made in ionic strengths in the range 41−206 mM, a peak
appeared at q = 0.078−0.108 nm−1, indicating the presence of
interparticle interactions. The assemblies that form at ionic
strengths in the range I = 41−165 mM are structurally
amorphous, as indicated by the peak broadness and the absence
of higher order peaks. However, with increasing ionic strength
(Figure 2b, bottom to top) the primary diffraction peak at q =
0.078−0.108 nm−1 narrows and sharpens considerably. The
profile at I = 206 mM (q = 0.1163 nm−1, blue trace) signifies
the formation of a structure exhibiting long-range order and
possessing a face-centered cubic structure (Supplemental
Figure S4) with a domain size (i.e., coherence length) of
approximately ∼450 nm (Supplemental Table S1). Because
dynamic light scattering (DLS) data show particles in the
micrometer size range, it is likely that larger assemblies exist
that contain multiple crystalline domains (Supplemental Figure
S5). The SAXS measurements also confirm that mixtures of
P22E2 and G6 at I values above 206 mM do not interact to form
higher order structures (Figure 2b, violet and magenta traces),
as indicated by diminished diffraction peaks in the structure
factor. These data suggest that there is a conditional window
where the formation of materials with long-range order is
optimal as is commonly observed in assemblies of oppositely
charged particles.25,38,46 Assembling particles into arrays that
exhibit long-range order is achieved by avoiding kinetic traps,46

which occur under low ionic strength conditions where charge
attractions between the VLP and G6 dendrimer are strong.
Increasing the ionic strength lowers the magnitude of these
potential minima to a value closer to the kinetic energy of the
particles such that VLPs and G6 can rearrange into more
ordered structures.38 Of the ionic strength solutions that
produce assemblies chosen for this study (at I = 41−206 mM),
206 mM displayed the sharpest diffraction peaks consistent
with a face-centered cubic (FCC) structure. Assembly at ionic
strengths below 206 mM produced more amorphous

assemblies due to the formation of kinetically trapped
structures, while ionic strengths above 206 mM did not form
assemblies because charges are shielded, thus preventing
interparticle electrostatic interactions. When materials as-
sembled in I = 206 mM or below were pelleted via
centrifugation and resuspended in high ionic strength buffer
(I = 329.2 mM), the turbidity (LS) and structure factor (SAXS)
disappeared (Figure 4a, red trace), a clear indication of

disassembly due to charge shielding. Although long-range
order can be achieved, the resulting structures cannot be
maintained in ionic strengths above the threshold ionic
strength.

Creating Amorphous P22 Assemblies via Capsid
Linker Protein. Using an entirely different approach toward
guiding interparticle interactions to effect assembly, we used
our previously developed ditopic protein linker (DecS134C) that
binds the P22 capsid at multiple symmetry-specific sites40 with
high affinity.42,43 This approach is conceptually similar to the
designed lattice structures achieved by the geometrical
arrangement of metal ligand interactions in MOF materials.
Here the capsids are the equivalent of the metal ion or metal
cluster and DecS134C is the equivalent of the organic chelate
linker. In the case of MOFs, the choice of organic linker and
metal dictates the geometry of the lattice. Our ditopic linker
protein, which forms intermolecular disulfide bonds at its C-
terminus, binds via its N-terminus tightly to 60 symmetry-
related quasi 3-fold sites of the P22 icosahedral capsid via
strong interactions in the expanded and wiffleball morpholo-
gies40,43 (Supplementary Figure S6). We have previously shown
that ditopic DecS134C strongly linked wild-type EX capsids

Figure 4. Small-angle X-ray scattering of the templated assembly of
a protein macromolecular frameworks. (a) P22E2 assembled with
G6 (black) results in an array exhibiting long-range order, as is
evident by the formation of diffraction peaks (q = 0.0115 Å; 0.0019
Å). When this ordered assembly is transferred into a high ionic
strength buffer (red), structure factor contributions are significantly
reduced, indicating disassembly. DecS134C (blue) addition to a G6-
templated assembly of P22E2 locks the array into place and shows
preservation of long-range order and a shift in peak positions
(vertical dashed lines). This shift corresponds to an increase in the
nearest neighbor distance from 65.5 nm to 68.4 nm. When PMFs
are transferred into high ionic strength buffer (violet) assembly,
long-range order and peak position are preserved. (b) TEM image
of P22/dendrimer assembly corresponding to the black trace. (c)
SEM image of PMFs corresponding to the violet trace.
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together into a higher order assembly, but which did not result
in any measurable long-range order.43

DecS134C interaction with P22E2 produced a similar
amorphous assembly. An increase in turbidity was observed
when an excess of DecS134C was mixed with P22E2 capsids.
However, under reducing conditions with non-disulfide-linked
Dec (DecS134C‑red) no interparticle-mediated interaction was
detected by light scattering (Figure 3a). SAXS analysis of
DecS134C-mediated assemblies showed that ordered arrays are
not produced, as is evident from the absence of structure factor
contributions in the SAXS intensity plot (Figure 3b).
Additional treatment with heat or reducing agent did not
result in an annealed and ordered structure. This lack of order
can be understood given the tight binding of Dec to the P22
capsid (KD = 9.2 ± 0.5 nM), a consequence of a fast on-rate
and a slow off-rate.42 Because of this fast on-rate, mixing of
P22E2 with DecS134C results in the rapid formation of a highly
interconnected material and, because of the slow off-rate,
results in a kinetically trapped disordered material. Thus, while
the DecS134C linker directs the assembly of P22E2 and produces
a highly stable network of interconnected proteins, the resultant
protein assembly lacks long-range order, consequently making
it difficult to structurally characterize.
Protein Macromolecular Frameworks. Protein macro-

molecular frameworks of P22E2 exhibiting long-range order
were created by combining the two construction methods
described above. First, ordered assemblies of P22E2 particles
were created using G6 dendrimers; then this templated
structure was cemented into place with the addition of
DecS134C. P22E2 capsids were mixed with an excess of G6
dendrimers at a ratio of 1:1000 under ideal ionic strength
conditions (I = 206 mM), as described above (Figure 4a, black
trace). The assemblies were then exposed to an excess of
DecS134C (Figure 4a, blue trace). The solution remained turbid,
suggesting that the assemblies did not dissociate upon DecS134C
addition. SAXS data revealed that the long-range order of the
structure was preserved, as is evident by the retention of peaks
associated with the structure and a similar domain size
(Supplemental Table S1). After cementing the G6-mediated
assemblies with DecS134C, the material was centrifuged and
resuspended in high ionic strength buffer (I = 329 mM) to
remove the G6 template and yield the final PMF (Figure 4a,
purple trace). The structure and domain size were also
conserved in the PMF under these conditions, whereas G6-
mediated assemblies (no DecS134C) were disassembled (Figure
4a, red trace) under these conditions. Interestingly, a shift
toward lower q was observed in the SAXS peaks after DecS134C
addition (q = 0.1153 nm−1 shifted to q = 0.1105 nm−1 [vertical
dashed line]), indicating an increase in the interparticle spacing
once cementing of the lattice occurred. This corresponds to a
change in the lattice parameter from a = 92.6 nm to a = 96.8
nm and a nearest neighbor (NN) distance change from NN =
65.5 nm to NN = 68.4 nm. The q values remained the same
after increasing the ionic strength to remove the G6 dendrimer;
thus, assembly and long-range order were maintained in ionic
strength conditions in which G6-mediated assemblies were not.
A two-dimensional hexagonal arrangement of particles was
observed by negative stain transmission electron microscopy
(TEM) of G6-mediated assemblies (Figure 4b) and scanning
electron microscopy (SEM) of PMFs (Figure 4c), but were not
observed in samples of only DecS134C-mediated assembly
(Figure 3d). These microscopy images alone do not confirm
ordered close packing, due to the possibility of drying effects as

well as the difficulty in assessing multiple particle layers, but
instead support the SAXS data that indicate the formation of a
close-packed assembly of particles. Because of this potential for
drying effects, structure sizes were determined by DLS, showing
PMF assemblies in the micrometer range (Supplementary
Figure S5).
The increase in the PMF lattice parameter after DecS134C

addition indicates that the ditopic DecS134C linkers can access
the interparticle volume within the bulk assembly, bind and
cross-link P22E2 capsids, while maintaining the FCC structure.
While an atomic resolution structure of Dec is not available, we
estimate, from reported cryoTEM data, that Dec is at least 4
nm from the N- to the C-terminus. Therefore, one ditopic
DecS134C linker, which is a head-to-head dimer of DecS134C,
could be extended as much as 8 nm from the P22 surface40 and
therefore is likely compressed in the structure, where it links
nearest neighbor capsids. Analysis of SDS PAGE gels by
densitometry revealed a ratio of incorporated DecS134C to P22E2
of 47 ± 3 DecS134C trimers per P22E2 capsid, which is in close
agreement with the known 60 tight binding sites available per
capsid (Supplemental Figure S7). These data suggest that
DecS134C can access the interior of the G6-mediated assemblies,
not just the surface, and act as capsid cross-linkers, yielding
robust PMFs.
To verify G6 removal from PMFs during high ionic strength

resuspension, amino acid analysis was performed, by which we
can determine the amount of both P22E2 and G6. Samples were
acid hydrolyzed, and then derivitized primary and secondary
amines were quantified by HPLC using amino acid and G6
standard curves (Supplemental Figure S8; Supplemental Tables
S2 and S3). G6-mediated assemblies and PMFs assembled
under ideal ionic strength conditions (I = 206 mM) contained
54.8 ± 2.25 and 55.6 ± 2.29 G6 molecules per P22E2 capsid,
respectively, indicating that G6 remains within the lattice after
DecS134C binding. However, PMFs that were resuspended and
washed in high ionic strength buffer showed only residual
amounts of G6 (5.7 ± 0.23) (Supplementary Table S2). In
contrast to G6-mediated assemblies using the PC morphology
previously reported, which showed a ratio of 20:1 G6:P22E2
PC,38 the WB morphology of P22E2 in this study exhibits a
higher dendrimer to capsid ratio. This higher ratio could be due
to the ability of G6 to access the capsid interior through the 10
nm pores and interact with the highly negatively charged
interior surfaces.47 The fact that G6-mediated assemblies and
PMFs before high ionic strength resuspension show the same
G6 ratio indicates that G6 remains bound at I = 206 when
DecS134C is added to assemblies, suggesting that the G6
molecules either do not occupy the Dec binding site of P22E2
capsids or can shift to accommodate Dec binding, but remain
present in the PMFs, probably to ensure charge balance in the
assembly. Importantly, when PMFs are resuspended in high
ionic strength buffer, G6 is removed from the material. This
result is partially expected, as high ionic strength conditions
(i.e., I = 349 mM) disrupt the electrostatic interactions between
capsid and dendrimer (but not between Dec and the capsid),
and also suggests that the pores within the framework between
P22E2 particles are large enough to allow removal of the 6.7 nm
G6 dendrimer. PMFs that were treated with reducing agent
resulted in a significant reduction in scattering, consistent with
the expected disassembly of the structure being connected
through disulfide bonding (Supplemental Figure S9). Together,
these data show that an ordered lattice of protein material,
comprising virus-like particles, can be electrostatically tem-
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plated using cationic dendrimers and then cemented into an
ordered protein macromolecular framework with noncovalent
protein cross-linkers followed by removal of the dendrimer
template.
Catalytically Active PMFs. A distinctive feature of PMFs is

the ability to impart functionality to P22E2 building blocks
before PMF construction. Here, PMFs were functionalized by
genetically preprogramming P22E2 capsids to encapsulate
enzymes, which resulted in a catalytically active molecular
framework composed solely of protein material. Catalytic PMFs
were constructed using P22E2 capsids encapsulating multiple
copies of the enzyme CelB, a glycosidase from the hyper-
thermophilic Archaeon Pyrococcus furiosus (Supplemental
Figure S10).48 One advantage of encapsulating enzymes inside
of P22 building blocks within the PMF is the ease with which
they are concentrated into a highly condensed-phase material
and their capacity to be separated from reaction components.
P22 particles free in solution can also be condensed to high
concentrations through centrifugation at ultrahigh speeds.
However, once mixed with substrate, a second ultracentrifuga-
tion step, or other separation technique, must be performed to
separate catalysts from reaction components. In addition to the
ease with which PMFs are separated from reaction
components, assembling catalytic P22 VLPs into PMFs does
not affect enzymatic activity, suggesting small-molecule
diffusion through the framework is not hindered (Supplemental
Figure S11). The close packing of P22E2 particles in the PMF
results in a CelB concentration of ∼1 mM (70 mg/mL) within
the framework material and local concentrations of CelB within
each P22 of 2 mM (140 mg/mL). This local concentration of
enzymes is well beyond that which most enzymes can
functionally be used and highlights the advantage of combining
capsid encapsulation with PMF assembly to create highly active
functional materials. Due to the modular nature of this system,
where packaging of the catalytic material on the VLP interior
does not compromise the ability to form higher order
structures, the interior and exterior modifications are
independent and suggest a wide applicability.38 To demonstrate
the ease and functional benefit of material condensation,
PMFE2-CelB samples, either as-assembled or condensed PMF
phases, were assayed for their ability to catalyze the ester
hydrolysis of 4-nitrophenyl α-D-glucopyranoside (PNPG) by
monitoring the absorbance of the 4-nitrophenol product at 405
nm. For condensed-phase experiments, activity assays were
conducted at 60 °C, as hyperthermophilic CelB significantly
increases its catalytic activity at elevated temperatures. Upon
addition of the same volume of catalyst (different concen-
trations) to equivalent amounts of substrate, concentrated
PMFs (10×) showed an increase in product formation of 1.978
± 0.019 μmol/s as compared to 0.232 ± 0.001 μmol/s for the
nonconcentrated PMFE2-CelB (Figure 5). This is reflective of
the ability to maintain high concentrations of active catalysts in
the PMFs upon condensation, unlike homogeneous systems,
where a significant volume is required to maintain and disperse
stable enzyme catalysts. Here, we maintain the same catalytic
ability of the enzymes and demonstrate the ease with which the
material is condensed, either through brief, gentle centrifuga-
tion or by merely allowing the material to settle. At the assay
temperature of 60 °C the PMFs remained assembled, as
determined by dynamic light scattering measurements, which is
significant because many proteins have TM values below 60 °C
(Supplemental Figure S12). In activity retention studies
PMFE2-CelB showed 87.7% and 75.0% activity preservation

after freezing and lyophilization, respectively, without the
material breaking down into constituent building blocks
(Supplemental Figure S13). While these findings do not
indicate if the FCC lattice is maintained, it does signify the
robustness of PMFs as a functional material. Additionally,
normalized activity (per enzyme) was unchanged after three
consecutive catalytic rounds, while retaining 73.8% and 72.0%
of protein material after one and two catalytic rounds,
respectively (Supplemental Figure S14).

CONCLUSION
We have shown the creation of a functional protein
macromolecular framework through dendrimer-templated
assembly of virus-like particles into structures displaying long-
range order followed by the addition of an engineered ditopic
capsid decoration protein, which acts as an inter-VLP linker to
lock the structures in place. Because DecS134C binds in a
symmetry-specific manner, we equate these molecules to the
organic chelates in a MOF. However, in our case, addition of
the linker alone does not produce an ordered lattice due to the
formation of kinetic traps but can be achieved by first creating a
dendrimer template. Because DecS134C-mediated assemblies do
not anneal to form ordered structures, the order in which linker
molecules are added is critical. Removal of the template yields
robust PMFs that are stable in conditions under which
nonlocked structures disassembled. The resultant material is a
three-dimensionally ordered lattice composed solely of protein
building blocks.
An impressive feature of PMFs is the ability to undergo

lattice expansion upon DecS134C locking, while maintaining the
FCC structure. This structure retention highlights the stability
of the lattice, as well as the possibility of engineering Dec to
modulate the lattice further, thus controlling the porosity of the
material. Another benefit of PMFs is the ease with which they
are created. Unlike traditional protein crystals, which can take
time to grow and optimize, PMFs assemble immediately upon
mixing P22E2 with linker molecules. Additionally, since the
exterior of the VLP does not need to be changed to
functionalize the interior, this assembly design can potentially
be applied to any P22E2 VLP, regardless of what is encapsulated
on the interior. Because P22 VLP building blocks can be
genetically preprogrammed or chemically modified to encap-
sulate a wide range of cargo molecules, the resultant PMFs are
modular in nature. This modularity allows the catalytic function

Figure 5. Catalytic activity of P22E2-CelB glycosidase PMFs. P22E2-
CelB particles assembled in PMFs were assayed for their ability to
cleave 4-nitrophenyl-β-D-glucopyranoside and produce 4-nitro-
phenol. Catalytic PMFs were assayed either as-assembled (blue)
or condensed 10-fold (red).
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to be tailored without sacrificing structure, which is challenging
in many other structurally defined materials.
A hallmark of bulk catalytic materials including PMFs is their

condensed-phase nature, which not only allows for the highly
efficient use of the reaction volume but also allows the material
to be easily separated from solution and thus recovered from
substrates and products, and subsequently reused without loss
of activity. We have further demonstrated functional robustness
of the material by showing that catalytic PMFs retain activity
after heating, cooling, and lyophilization. This work has
demonstrated the construction of a class of bioinspired
materials in which biological building blocks can be genetically
preprogrammed to achieve desired structural and functional
materials properties.

METHODS
Particle Preparation. P22E2. E. coli strains with incorporated pRSF

duet expression vector containing the P22 coat protein with the Ecoil-
2x peptide fused to the C-terminus38 and the truncated version
(residues 142−303) of P22 scaffolding protein in multiple cloning sites
1 and 2, respectively, were grown in LB medium at 37 °C in the
presence of kanamycin (30 μg/mL) to maintain selection for the
plasmid. Protein expression was induced by addition of isopropyl β-D-
thiogalactopyranoside (IPTG) to a final concentration of 0.3 mM once
the cells reached mid log phase (OD600 = 0.6). Cultures were grown an
additional 4 h after induction with IPTG, and then the cells were
harvested by centrifugation at 4500g, resuspended in minimal
phosphate-buffered saline (PBS), and stored at −80 °C.
The E. coli cell solution was thawed at room temperature, then

diluted in lysis buffer (50 mM sodium phosphate, 100 mM sodium
chloride, pH 7) at a ratio of 5−10 mL lysis buffer per g of cell pellet.
After rocking with DNase, RNase, and lysozyme for 30 min at room
temperature, cells were lysed via sonication. The solution was
centrifuged at 12000g for 45 min to remove cellular debris, then
centrifuged at 45000 rpm (F50L-8×39 rotor) through a 35% sucrose
cushion. Pelleted particles were resuspended in minimal lysis buffer,
then applied to a Sephacryl-500 size exclusion chromatography
column connected to a Biorad FPLC. Fractions containing P22
VLPs were pooled and concentrated via ultracentrifugation.
P22E2-CelB. E. coli strains with incorporated (1) pRSF duet

expression vector containing the gene encoding P22 CP with the
Ecoil-2x peptide fused to the C-terminus38 in multiple cloning site
(MCS) 1 (MCS 2 empty) and (2) pBad expression vector containing
the gene encoding the truncated SP fused to the C-terminus of CelB48

(NcoI/SacI) were grown in LB medium at 37 °C in the presence of
kanamycin (30 μg/mL) and ampicillin (50 μg/mL) to maintain
selection for the plasmids. CelB-SP expression was induced by
addition of L-arabinose to a final concentration of 13.3 mM once the
cells reached mid log phase (OD600 = 0.6). After 4 h CP expression
was induced by addition of IPTG to a final concentration of 0.3 mM.
Cultures were grown an additional 2 h after induction with IPTG, and
then the cells were harvested by centrifugation at 4500g, resuspended
in minimal PBS, and stored at −80 °C. P22 particles were purified as
stated above.
DecS134C. E. coli cultures with incorporated pET duet plasmid

containing Dec were induced as described above and grown overnight.
After centrifugation of cells at 4500g, the supernatant was retained,
filtered, and applied to a 5 mL Roche cOmplete His-Tag purification
column. Nonspecific binders were removed with 20 mM imidazole.
Histadine-tagged protein was eluted with a 20−500 mM imidazole
gradient. Fractions containing DecS134C were pooled and dialyzed
against assembly buffer.
Generation 6 Poly(amidoamine) Dendrimers. PAMAM dendrimer

(ethylenediamine core) generation 6.0 in 5% methanol solution was
purchased from Sigma-Aldrich. Stock solutions of G6 dendrimer and
appropriate buffer were prepared at a 1:4 ratio.
Particle Characterization. SDS PAGE. Protein samples were

mixed with 4× SDS loading buffer containing dithiothreitol (DTT)

and denatured in a 100 °C water bath for 5 min. Samples were loaded
onto a 12% acrylamide resolving gel (5% acrylamide stacking gel) and
separated using a constant current of 35 mA for approximately 1 h.
Gels were stained with Coomassie blue stain, then destained. Images
were taken on a UVP MultDoc-IT digital imaging system.

P22 Expansion to Wiffleball Morphology. P22E2 capsids were
expanded to the wiffleball morphology by heating in a 75 °C water
bath for 25 min, then cooled at 4 °C. Samples were centrifuged at
17000g for 5 min to remove aggregated protein, then centrifuged at
45000 rpm to concentrate capsids and to remove SP. A 10 μL portion
of each of heated and nonheated ∼1 mg/mL P22E2 sample were mixed
separately with 5 μL of nondenaturing protein loading dye and loaded
into a 0.8% agarose gel. A constant voltage of 65 V was applied for 3 h.
Gels were stained and imaged as described above.

Size Exclusion Chromatography Coupled with Multiangle Light
Scattering. Samples were separated using a WTC-200S5 (Wyatt
Technologies) size exclusion column utilizing an Agilent 1200 HPLC
at a 0.7 mL/min flow rate in 50 mM phosphate, 100 mM sodium
chloride, and 200 ppm of sodium azide pH 7.2 buffer. For each sample,
three 25 μL injections were loaded onto the column with a total run
time of 30 min. Samples were detected using a Wyatt HELEOS
multiangle laser light scattering detector and an Optilab rEX
differential refractometer (Wyatt Technology Corporation). The
average molecular weight, Mw, was calculated with Astra 5.3.14
software (Wyatt Technology Corporation) based on the molecular
weight distribution.

Transmission Electron Microscopy. Individual Particles. A 5 μL
amount of each sample (diluted in water to 0.1−0.3 mg/mL) was
applied to a glow discharged Formvar-coated grid (Electron
Microscopy Sciences). After 30 s excess liquid was wicked away with
filter paper, then immediately stained with 5 μL of 2% uranyl acetate.
Excess stain was wicked away with filter paper after 25 s, then allowed
to air-dry. Images were taken on a JEOL 1010 transmission electron
microscope at an accelerating voltage of 100 kV.

Assembled Particles. Assemblies were centrifuged at 17000g briefly,
then resuspended in ultrapure water and vortexed for 5 s at high-speed
2×. Grids were then prepared as described above.

SEM. Assemblies were centrifuged on a benchtop centrifuge, then
resuspended in water (2×). A 30 μL amount of sample was deposited
on a silicon wafer, dried with nitrogen, then quickly washed with water
2×. Silicon wafers were secured on an aluminum stud using double-
sided carbon tape, then coated with 3 nm of gold/palladium using a
Denton sputter coater. Assemblies were imaged using a Zeiss Auriga
60 focused ion beam scanning electron microscope and detected on a
through-the-lens detector.

Assembly. Light Scattering. P22E2 samples were buffer exchanged
into the following ionic strength buffers using Bio-Rad Micro Bio-Spin
P-30 columns: 10 mM sodium phosphate, 20 mM sodium chloride (I
= 41 mM), 20 mM sodium phosphate 40 mM, sodium chloride (I =
82 mM), 30 mM sodium phosphate, 60 mM sodium chloride (I = 123
mM), 40 mM sodium phosphate, 80 mM sodium chloride (I = 165
mM), 50 mM sodium phosphate, 100 mM sodium chloride (I = 206
mM; assembly buffer), 60 mM sodium phosphate, 120 mM sodium
chloride (I = 247 mM), 70 mM sodium phosphate, 140 mM sodium
chloride (I = 288 mM), 80 mM sodium phosphate, 160 mM sodium
chloride (I = 329 mM). All buffers were adjusted to pH 7.0. Turbidity
measurements to monitor the assembly of particles were performed on
an Agilent 8453 UV−vis spectrophotometer fitted with an eight-
position multicell transport. After blanking with the appropriate buffer,
solutions of P22 (at 1.0−2.0 mg/mL) were monitored at 800 nm for
3−4 min; then linker solution was added and mixed thoroughly.
Assemblies were monitored for 30−60 min. For P22 assemblies with
G6 dendrimer: G6 (diluted in appropriate ionic strength buffer from
methanol stock solution) was added at a 1000 times excess of
dendrimer per P22 (final amount methanol = 5%) or a methanol
buffer control. To measure the amount of material remaining in the
supernatant and not associated with assemblies, mixtures of P22E2
(buffer exchanged in appropriate buffer) and G6 dendrimer (diluted in
appropriate buffer) at various ionic strengths were centrifuged in 2 mL
Eppendorf tubes at 21000g for 3 min to pellet assembled material. A
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70 μL portion of the total 170 μL sample was removed from the top of
the solution via pipetting to avoid pellet resuspension. G6 dendrimer
control samples were measured by diluting G6 dendrimer with the
appropriate buffer to the same dilution as in assembled samples. The
P22E2 (I = 206 mM) control was measured by diluting with assembly
buffer to the same dilution as in assembled samples. Supernatants, G6
controls, and the P22E2 control were analyzed by measuring the net
absorbance at 280 nm (baseline corrected via subtraction of
absorbance from 800−850 nm). PMFs were created by adding
DecS134C to P22 to a final ratio of 2:1 Dec trimer:P22-Dec binding site
(i.e., 160:1 molar ratio). Samples were washed of free linker molecules
via centrifugation at low g, removal of supernatant, then resuspension
in appropriate buffer solution.
SAXS. Small-angle X-ray scattering data were collected at the

Advanced Photon Source at Argonne National Laboratory at
beamlines 12-ID-B and 12-ID-C/D at 14 keV. Samples were
continuously moved using a syringe pump system to minimize beam
damage and subjected to a 1 s exposure time, 2 s interval, and 20 total
shots per sample and detected by a Pilatus 2M detector. The scattering
angle was calibrated using silver behenate as a standard. 2D images
were then converted to 1D curves, and the 20 curves for each sample
were then averaged. The background due to the sample buffer was
measured separately and subtracted from the averaged data to give
intensity I(q). Structure factors S(q) were extracted from I(q) data as
described previously.38 Briefly, I(q) is given as

= +I q k P q c q S q( ) ( ( ) / ) ( )n

where k is a scaling constant, q (=4π sin(θ)/λ) is the scattering vector,
λ is the wavelength of incident X-ray (0.8856 Å), and θ is half of the
scattering angle. P(q) is the form factor of a capsid and S(q) is the
structure factor, which arises from the assembly structure of capsids.
The term c/qn is a power-law function used to model the diffuse
scattering, which arises from lattice imperfections, where c and n are
constants. Because variation of particle arrangements as a function of
ionic strength is the focus of Figure 2, we report S(q) instead of I(q),
which was obtained by dividing I(q) by P(q) + c/qn. If the diffuse
scattering was not taken into consideration, S(q) would not have been
obtained correctly.
The crystalline domain size was calculated from the full width at

half-maximum (fwhm) of the first-order diffraction peak using the
Scherrer equation49−51

λ
β θ

=d
K
cos

where K is the Scherrer constant (we use 0.9 for a roughly equitant
crystallite) and β is the fwhm of a diffraction peak in radians.
Instrumental resolution Δqinst, which leads to peak broadening, was
taken into account with the assumption that the observed peak is a
Gaussian function convoluted with a Gaussian instrumental resolution
function. Then, the resolution-corrected fwhm of a sample peak,
Δqsamp, is given by the following form:

Δ = Δ − Δq q qsamp obs
2

inst
2

where Δqobs is the fwhm of an observed diffraction peak and Δqinst for
our measurement is approximately 0.0005 Å−1.
Densitometry. A 10 μL amount from three separately assembled

PMF (dendrimer removed) samples was each mixed with 4 μL of SDS
loading dye and separated on a 12% SDS PAGE gel as described
above. The relative intensities of the coat protein and DecS134C bands
were analyzed using ImageJ software. A single band was quantified for
the CP, while two bands were quantified for DecS134C, as both have
been observed in samples of DecS134C alone. Standard curve values of
P22:DecS134C ratios were experimentally determined by mixing
P22:DecS134C at 1:30, 1:40, 1:60, 1:80, and 1:160. The number of
DecS134C trimers incorporated into PMFs per P22 was determined by
using the linear fit line.
Quantification of G6 Dendrimer/P22 Ratio in G6-Mediated

Assemblies and PMFs. The amount of G6 dendrimer incorporated in
assembled samples was determined by quantifying the amount of both

dendrimer and P22 by an amino acid analysis. Assembled samples
were prepared (either dendrimer-only samples or PMF samples) as
described above. G6-assembled samples were centrifuged at 5000g for
3 min and resuspended in assembly buffer (50 mM sodium phosphate,
100 mM sodium chloride, pH 7.0) to remove excess dendrimer. These
assemblies were centrifuged a second time and then resuspended
either in assembly buffer or in high ionic strength buffer (80 mM
sodium phosphate, 160 mM sodium chloride, pH 7.0). PMFs were
washed twice as described above with either assembly or high ionic
strength buffer.

All samples were separately acid hydrolyzed at 145 °C for 2 h,
followed by derivatization of amino acids with a fluorescent tag (6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate using the AccQ-
Fluor reagent kit from Waters), and then 10 μL was injected onto
reverse-phase HPLC to quantify each component. The elution peak
attributed to hydrolyzed dendrimer, not seen in amino acid controls or
P22 samples, was observed directly after the phenylalanine peak. The
concentrations of G6 in experimental samples were determined using
the G6 dendrimer standard curve (G6 dendrimer peak areas obtained
from 500, 1500, and 5000 nM). P22E2 concentrations were also
quantified through amino acid analysis. Briefly, the picomoles of each
amino acid for each sample was determined from a standard curve and
was converted to a fraction pmol. The number of each amino acid was
experimentally determined by multiplying the fraction pmol by the
expected number of total residues and compared with the theoretical
number of each amino acid. For example, P22E2 coat protein has 438
expected amino acids, excluding cysteines and tryptophans. In PMFs,
the expected number of amino acids is 495, excluding cysteines and
tryptophans, which are not reliably detectable by amino acid analysis,
as determined by calculating the ratio of 47 DecS134C trimers per P22E2
WB (CP:DecS134C = 360/141 per P22E2 WB). Total % error for each
sample was calculated by averaging the nonabsolute value of all %
errors for each amino acid:

−
×

⎛
⎝⎜

⎞
⎠⎟

(experimental theoretical
theoretical

100

PMF Reduction Assay. The ability to disassemble PMFs (no G6
dendrimer) in the presence of reducing agent was determined by
measuring light scattering, which decreases upon disassembly.
Measurements were recorded for P22E2 and PMF samples in the
presence or absence of 100 mM DTT purchased from Promega. All
samples (∼1 mg/mL) were heated for 2.5 h at 45 °C. Spectra were
collected for samples before and after DTT heat treatment. Because
PMFs eventually settle out of solution, all samples were mixed via
pipetting immediately before data collection.

CelB Glycosidase Enzyme Assay. All CelB enzyme assays were
monitored using an Agilent 8453 UV−vis spectrophotometer fitted
with an eight-position multicell transport using PNPG as a substrate.
Formation of the 4-nitrophenol (4-NP) product was monitored by
recording the absorbance at 405 nm. Absorbances were converted to
moles 4-NP using an experimentally derived extinction coefficient (pH
7.0) of 8.97 mM−1 cm−1.

Condensed Catalyst Activity. Equal volumes and concentrations of
PMFE2-CelB samples were centrifuged at 5000g for 3 min. Super-
natants were removed and resuspended in either the original volume
or a 10-fold lower amount of buffer. A 4 μL amount of each sample
was added to a quartz cuvette containing 1996 μL of 20 mM PNPG
preheated to 60 °C. Absorbance at 405 nm was monitored every 15 s
while the cuvette was kept at 60 °C. Assays were conducted in
triplicate. Absorbances from cuvettes containing substrate but no
enzyme were measured and subtracted from experimental assays. All
assays were performed in triplicate.

Reusability. PMFE2-CelB samples were assembled as described
above. To expose PMFE2-CelB to catalytic cycles, PNPG was added to
samples such that the final concentration was 20 mM. After 1 h,
samples were centrifuged 2× at 5000g for 3 min to separate PMFE2-
CelB from substrate and products, then resuspended in buffer. The
presence of product was verified by measuring the absorbance at 405
nm (and also by the dark yellow color). PMFE2-CelB samples were
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used as a catalyst, then collected a total of three times. To monitor
enzyme rate, 20 μL of PMFE2-CelB material (taken from stock samples
that had been reacted with substrate for 0, 1, or 2 cycles) was added to
480 μL of a 20.8 mM PNPG solution in 50 mM sodium phosphate,
100 mM sodium chloride, pH 7.0. At time points 15, 30, 45, and 60
min 10 μL was removed and diluted into either 90 μL (early in time
course) or 490 μL (later in time course) of 50 mM sodium phosphate,
100 mM sodium chloride, pH 7.0, to significantly slow the reaction for
accurate measurement, reduce the scattering contribution of PMFs,
and dilute the 4-nitrophenol product to allow measurement in the
appropriate intensity range. Absorbances were measured at 405 nm.
Each assay was performed in triplicate. Catalytic rates were normalized
to protein concentration by measuring the absorbance at 280 nm of
the PMFE2-CelB sample denatured in 6 M GuHCl.
Dynamic Light Scattering. The presence of free P22E2-CelB

particles, after assemblies were subject to heating, freezing, and
lyophilization were measured by dynamic light scattering using a
Zetasizer Nano Z (Malvern Instruments, Worcestershire, UK).
Percent volumes were plotted as a function of size.
Percent Activity. Freezing. PMF samples were flash frozen in liquid

nitrogen and then thawed at room temperature. Catalytic activity was
monitored at room temperature as described above. Equal amounts of
PMF sample, either frozen or nonfrozen, were added to the PNPG
substrate and monitored by UV−vis.
Lyophilization. PMF samples were flash frozen in liquid nitrogen,

then lyophilized on a Labconco Freezone 2.5 plus freeze-dryer
overnight. Immediately before kinetics assays were performed, samples
were resuspended in an equivalent amount of water to that present in
the initial sample. Catalytic activity was monitored as described above
and compared to activity of the same sample before lyophilization.
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